A novel paired homeodomain protein, PHD1, that is most closely related to C. elegans unc-4 has been identified by a differential RT -PCR method. PHD1 is expressed in a narrow layer adjacent to the ventricular zone of the dorsal spinal cord, immediately following expression of MASH1 but preceding overt neuronal differentiation. Some cells coexpressing MASH1 and PHD1 can be seen, suggesting that these two genes are sequentially activated within the same lineage. In the olfactory sensory epithelium, PHD1 expression not only follows but is dependent upon MASH1 function, suggesting that PHD1 acts downstream of MASH1. A sequential action of bHLH and paired homeodomain proteins is apparent in other neurogenic lineages and may be a general feature of both vertebrate and invertebate neurogenesis. ᭧
INTRODUCTION
from other neuroectodermal cells which give rise to the epidermis. The SOPs then differentiate to neurons of a specific phenotype under the control of neural precursor genes During the development of the vertebrate nervous syssuch as asense and neuronal identity genes such as poxtem, different classes of neurons are generated according to neuro and cut (Bodmer et al., 1987 ; Dambly-Chaudière et the position and/or lineage of their precursor cells. A numal., 1992) . Much less is known about the cascades of regulaber of transcription factors have been cloned and implicated tory genes involved in vertebrate neurogenesis, however. in the generation of neuronal diversity. For example, LIM
The differentiation of sympathetic neurons from neural homeodomain proteins such as islet-1 define subclasses of crest cells has been among the most extensively charactermotor neurons (Tsuchida et al., 1994) , while basic helixized neurogenic pathways in the mammalian nervous sysloop -helix (bHLH) transcription factors, such as MASH1 tem . MASH1, a mammalian homologue and mammalian atonal homolog (MATH)-1 are expressed of achaete-scute, plays a key role in the differentiation of in subsets of neuronal precursor cells (Johnson et al., 1990;  sympathetic as well as other autonomic and olfactory sen- Lo et al., 1991; Akazawa et al., 1995) . In Drosophila and C. sory neurons (Guillemont et al., 1993) . MASH1 is tranelegans, different types of neurons have been shown to be siently expressed in precursors of autonomic neurons (Lo progressively determined by sequential action of transcripet al., 1991; Guillemont and Joyner, 1993) and is required tion factors (Ghysen and Dambly-Chaudière, 1989;  for the proper differentiation of these precursors (Sommer Campos-Ortega and Jan, 1991; Jan and Jan, 1994; Chalfie, et al., 1995) . The differentiation of autonomic neurons is 1993). Proneural genes such as achaete and scute play a key accompanied by the expression of other transcription facrole in the segregation of sensory organ precursors (SOPs) tors, including Phox2 and GATA-2 (Groves et al., 1995; Ernsberger et al., 1995) . Phox2, a paired homeodomain (PHD) protein, is widely expressed in precursors of norad- ; Cart-1 (Zhao et al., 1993) ; aristaless (Schneitz et al., 1993); Pax-3 (Goulding et al., 1991); Pax-6 (Walther and Gruss, 1991) ; paired (Frigerio et al., 1986) .
al., 1993). Indeed, binding sites of Phox2 are found in the the PHD1-related gene unc-4 appears to function as a neuronal identity gene, whereas the bHLH gene lin-32 funcpromoter regions of catecholamine biosynthetic enzymes such as dopamine b-hydroxylase (DBH) (Tissier-Seta et al., tions as a proneural-like gene (Miller et al., 1992; Zhao and Emmons, 1995) . These data collectively suggest that the 1993; Zellmer et al., 1995) . Other members of the PHD family have been implicated in neuronal cell-type differentiation by genetic experiments. For example, in Drosophila, repo is required for the differentiation of glial cells (Xiong et al., 1994) , while in C. elegans, unc-4 is necessary for the specification of VA motor neurons (Miller et al., 1992) . These data suggest that the expression of different PHD proteins in specific neuronal sublineages might contribute to the determination of some aspect(s) of neuronal diversity.
In search of PHD transcription factors expressed in other sublineages of the neural crest, we previously developed a differential RT -PCR (dRT-PCR) method and used it to clone DRG11, a gene which is specifically expressed in sensory neurons and a subset of their CNS targets (Saito et al., 1995) . We have now extended our search for novel PHD family members to the CNS and have cloned a novel gene called PHD1. PHD1 is expressed in the dorsal spinal cord immediately following the expression of MASH1 and preceding the expression of terminal neuronal differentiation genes such as neurofilament and SCG10. Thus, these molecular markers define three successive domains of cellular differentiation in the dorsal spinal cord. Moreover, PHD1 is also expressed in the olfactory epithelium, and this ex- in vitro transcription of the plasmid subclone pH86-5, which harbors nucleotide residues 531-981 of the 2.4-kb cDNA. The following probes were also used: neurofilament light chain (Sommer et
MATERIALS AND METHODS
al., 1995); Pax-3 (Saito et al., 1995) . In some experiments, in situ hybridization was followed by immunostaining using monoclonal
Materials
antibody to MASH1 (antibody MASH1A), performed as described previously (Lo et al., 1991) . Details of these staining procedures are Rat embryos and pups were obtained from timed-pregnant Spragueavailable on request. Dawley rats (Japan SLC). Mash1///, Mash1//0, and Mash10/0 embryos were prepared as described (Sommer et al., 1995) .
BrdU Labeling
Pregnant rats were injected intraperitoneally with 100 mg/gm
Cloning and Northern Analysis of PHD1
body weight of 5-bromo-2-deoxyuridine (BrdU) (Sigma) in 0.9% Molecular cloning was performed according to standard proceNaCl and sacrificed 1.5 hr after injection. Embryos were fixed and dures (Sambrook et al., 1989) . Differential RT -PCR was done as sectioned as described previously (Lo et al., 1991) . BrdU was visualdescribed before (Saito et al., 1995) . The 150-b DNA fragments ized by using anti-BrdU antibody (Beckton-Dickinson) as described encoding a PHD were obtained by PCR using the following primers: (Porteus et al., 1994) . CGGGATCCTT(TC)ACIGCITA(TC)CA(GA)(TC)TIGA and CGG-AATTCCA(TC)TTIGCIC(GT)IC(G T)(GA)TT(TC)TG. A DNA clone that annealed to the probe derived from the E12.5 rat brain,
RESULTS
but not to those derived from the E13.5 dorsal root ganglia, MAH, and NCM1 cells, was further characterized. To obtain longer
Identification of PHD1
cDNAs, a cDNA library was constructed from poly(A The deduced amino acid sequence of the protein is predicted mRNA (Tso et al., 1995) . The following probes were also used: MASH1 to be full-length, since there are in-frame termination co- (Johnson et al., 1990) and SCG10 (Stein et al., 1988). dons upstream of the initiatior methionine and the size of the cDNA is close to that of the mRNA calculated from Northern blots (see Fig. 2 ).
In Situ Hybridization
We compared the amino acid sequence of the PHD1 hoNonradioactive in situ hybridization was performed as described meodomain with that of other PHD proteins (Fig. 1B) . The previously . For double labeling, sections were homeodomain contains residues conserved among all PHD hybridized simultaneouly with two probes, labeled using digoxyproteins, but is most similar to that of C. elegans unc-4.
genin-and fluorescein -UTP (Boehringer), respectively. After hy-PHD1 has glutamine at position 9 of the recognition helix bridization, the sections were stained using an alkaline phosphaof the homeodomain (residue 56 in Fig. 1B) , like other PHD tase-labeled anti-digoxygenin antibody (Boehringer) and developed proteins which lack the paired domain upstream of the howith NBT and BCIP (Bio-Rad). The sections were subsequently meodomain. By contrast, PHD proteins such as Pax-3 and washed three times with PBS and incubated at 85ЊC in 100 mM Tris-HCl, pH 7.5, 50 mM EDTA to destroy alkaline phosphatase Pax-6 which also contain a paired domain contain a serine at (H) the section was immunostained with the anti-BrdU antibody. Control hybridization using a sense-strand RNA probe of PHD1 gave no specific signal (data not shown). Arrow in (B) indicates a MASH1-expressing sympathetic ganglion, which does not express PHD1 (A). Bars, 200 mm. position 9 of the recognition helix (Fig. 1B) . This difference differentiation markers expressed in the mantle layer and marginal zone. To clarify this point, we performed doubleallows the subdivision of PHD proteins into two classes.
label in situ hybridization experiments using a digoxygeninlabeled probe for PHD1 and a fluorescein-labeled probe for
PHD1 Is Expressed Transiently during
either MASH1 or neurofilament (Fig. 4) . This analysis con-
Neurogenesis
firmed that neurofilament mRNA is in general expressed more laterally than PHD1, in the mantle layer, but that PHD1 expression was first analyzed by Northern blotting.
there is some overlap between the two (Fig. 4B) . Further-A single mRNA species of Ç2.3 kb was detected in E11.5 more, it revealed that the expression of MASH1 overlaps rat embryo total RNA (Fig. 2) . The expression of PHD1 was that of PHD1 at the lateral border of the ventricular zone transient, declining from E15.5 to E17.5 like that of (Figs. 4A and 4C) . At higher magnification, a few doubly MASH1, but preceding the appearance of SCG10 (a neuronal labeled cells expressing both MASH1 (brown) and PHD1 differentiation marker). A similar sequence of PHD1, (purple) mRNA could be detected (Fig. 4C, arrows) . This MASH1, and SCG10 mRNA expression was observed in overlap was confirmed in double-labeling experiments usdifferentiating P19 embryonal carcinoma cells (data not ing anti-MASH1 antibody (which labels cell nuclei) and a shown). PHD1 mRNA was not detected in either MAH (a PHD1 in situ probe ( Figs. 4D and 4F ; arrow). The limited sympathoadrenal precursor) or NCM1 (a glial precursor) zone of overlap between MASH1 / nuclei and PHD1 cells (Fig. 2) , confirming the initial dRT -PCR screening remRNA / cells was not an artifact of the double-labeling sults in which the clone was selected based on its lack of technique, as a positive control experiment with both antiexpression in these cell lines.
body and cRNA probes for MASH1 revealed a coextensive labeling pattern in the ventricular zone (Fig. 4E ).
PHD1 Is Expressed at the Edge of the Ventricular
Spinal cord neurons arise from mitotic precursors located
Zone in the Dorsal Neural Tube
in the ventricular zone, migrate laterally, and then differentiate in the mantle layer. The localization of PHD1 mRNA The localization of PHD1 mRNA in rat embryos was next at the lateral margin of the ventricular zone, and the overlap examined by in situ hybridization. PHD1 expression is rebetween PHD1 and MASH1 expression in this region, sugstricted to the nervous system and the ventromedial somite gests that neuronal precursors successively and transiently (Fig. 3A) and is maintained along the anteroposterior axis express MASH1 and then PHD1 during their migration and from the trunk spinal cord to the mesencephalon (data not differentiation. This was confirmed by examining PHD1 shown). In the trunk neural tube PHD1 is expressed by cells expression in younger embryos. MASH1 is expressed in the near the lateral margins of the ventricular zone, in the dorsal E11.5 spinal cord, but PHD1 expression is not yet detected (alar) region (Figs. 3A and 3C ), which is defined at this stage (Fig. 5) , indicating that MASH1 expression precedes the exby expression of MASH1 (Figs. 3B and 3D ) and Pax-3 (Fig. pression of PHD1 in the spinal cord. The expression of 3G). However, PHD1 expression does not extend laterally PHD1 is restricted to the somite at this stage. into the mantle layer or the marginal zone of the neural The transient nature of PHD1 expression and its associatube, as defined by expression of terminal neuronal differention with MASH1 is underscored by its expression at other tiation markers such as neurofilament (Fig. 3E) and SCG10 times and places in the nervous system (Fig. 6 ). For example, (Fig. 3F) . The ventral margin of PHD1 expression appeared in the E15.5 spinal cord, PHD1 mRNA remains localized to extend below the ventral border of MASH1 and Pax-3 in a band at the lateral margins of the MASH1-expressing expression (Fig. 3C , open arrowhead, and Fig. 4A ), which ventricular zone (Figs. 6A and 6B), and its expression dedefines the prospective sulcus limitans. More ventrally, a clines more laterally in the expanded mantle layer. Simibilaterally symmetric cluster of PHD1-expressing cells is larly, in the forebrain PHD1 expression is detected in the visible at this stage adjacent to the floor plate (Fig. 3C) .
ventral telencephalon (Fig. 6D) , in a narrow band between The preceding analysis with single probes could not estabthe MASH1 / ventricular zone (Fig. 6E ) and the SCG10 / lish whether the domain of PHD1 expression overlapped or was complementary to that of MASH1 or the neuronal mantle layer (Fig. 6F) . A similar, albeit less distinct, pattern is seen in the dorsal part of the diencephalon (Fig. 6D) . a bHLH-family transcription factor. In the olfactory epitheexpression is dependent on MASH1, as suggested by the lium, moreover, expression of PHD1 is lost in a Mash1 foregoing data. To do this, we chose to examine the olfac-0/0 mutant. These data suggest that PHD1 acts sequentory epithelium, because this is the only region of the nertially with MASH1 and may be a direct or indirect transcripvous system visibly affected by the Mash1 mutation in tional target of the latter protein. A comparison with other which PHD1 is expressed. (The brain and spinal cord, which neuronal lineages and other species, moreover, suggests that express both PHD1 and MASH1, are not affected by the the sequential action of bHLH and PHD transcriptional regMash10/0 mutation (data not shown), while autonomic ulators may be a general feature of neurogenesis. ganglia, whose development also depends on MASH1, do not express PHD1.)
DISCUSSION
We first examined the expression of MASH1 and PHD1 Gordon et al., 1995) . In addition, at E16.5 half of the spinal cord, the presumptive alar plate. It may mitotic MASH1
PHD1 Expression Marks a Unique
/ precursor cells (Gordon et al., 1995) spantherefore be expressed by precursors to commissural neuning the epithelium can also be seen (Fig. 7B) . In contrast rons, which are the first to develop in this region of the to MASH1, PHD1 is expressed in more superficial layers of neural tube. In the mediolateral axis, PHD1 expression dethe epithelium (Figs. 7A and 7E ). This region contains the fines a discrete, narrow band at the lateral margin of the cell bodies of immature and mature olfactory sensory neuventricular zone. This zone may correspond to the ''neurorons, which can be visualized by the expression of SCG10 blast zone'' of Cajal (1995) , which is located between the (Figs. 7C and 7G ) or (at P1) neurofilament (Fig. 7H) . Unlike ventricular zone and marginal zone and which contains unithe case of the brain and spinal cord, a clear demarcation polar cells that are just beginning to extend growth cones. between zones of PHD1 and SCG10 or neurofilament exOur results suggest that this zone is marked by a discrete pression cannot be seen. region of transient transcription factor gene expression. The We next examined the expression of PHD1 by in situ relatively sharp boundaries of this zone in turn suggest the hybridization to olfactory epithelia of Mash1 knockout existence of signals distributed across the mediolateral axis mice. These mice die at birth and have been shown to lack of the neural tube that are required to induce and/or extinmost olfactory sensory neurons . guish PHD1 expression. In contrast to E16.5 wild-type mice (Figs. 8A and 8B) , the knockout mice express neither PHD1 nor SCG10 in their olfactory epithelia (Figs. 8E and 8F) , with the exception of
Sequential Expression of PHD1 and MASH1
a few scattered cells (Fig. 8H and data not shown) . The incomplete expressivity of the Mash1 0/0 phenotype in The identification of doubly labeled cells at the boundary the olfactory epithelium has previously been demonstrated between the MASH1 / and PHD1 / regions of the neural tube using SCG10 as a marker . These indicates that PHD1 can be expressed in some of the same data indicate that the expression of PHD1 in the developing cells as express MASH1. The fact that the bulk of the PHD1-olfactory epithelium is dependent upon the function of expressing cells are located lateral to the MASH1-express-MASH1. In contrast, no perturbation of PHD1 expression ing region suggests, moreover, that PHD1 is expressed folin the spinal cord of Mash1 0/0 mice was detected (not lowing, rather than simultaneously with, MASH1. If, as our shown), consistent with earlier data demonstrating the lack genetic data suggest, PHD1 expression is directly or indiof a mutant phenotype in this tissue with a number of other rectly dependent upon MASH1 function (see below), then why is PHD1 not expressed throughout the MASH1 / venmarkers . tricular zone? The most likely explanation, given the exis-PHD1-expressing region, is that PHD1 expression defines a distinct stage in neuronal differentiation for which MASH1 tence of morphologically identifiable cellular differentiation intermediates (Cajal, 1995; see above) within the expression is necessary but not sufficient.
Our genetic data indicate that PHD1 expression is de-
Sequential Function of bHLH and PHD Proteins in Neurogenesis
pendent upon MASH1 function, at least in the olfactory epithelium. This confirms the suggestion, based on our The expression of two different but related PHD proexpression data elsewhere in the CNS, that PHD1 functeins-Phox2 (in the autonomic lineage) and PHD1 (in the tions ''downstream'' of MASH1 in the cascade of tranolfactory lineage)-is dependent upon the prior function of scription factors that controls neurogenesis. The fact that MASH1 (Fig. 9) . In lineages that do not express MASH1, PHD1 expression in the spinal cord is not perturbed in such as the sensory lineage, other PHD proteins are exMash1 0/0 embryos is consistent with previous data pressed, such as the recently described product of the showing a lack of a CNS phenotype in this mutant and DRG11 gene (Saito et al., 1995) . Interestingly, a novel bHLH may reflect the existence of other bHLH genes that are funcprotein, NeuroD, has recently been described (Lee et al. , tionally redundant with Mash1. Thus, it is attractive to 1995), which is expressed by sensory but not autonomic think that PHD1 may be a target of transcriptional regulaneurons. The expression of NeuroD in sensory ganglia pretion by MASH1 in all lineages where there is successive cedes that of DRG11 Saito et al., 1995) . expression of the two genes. However, it is also possible that Thus in several distinct mammalian neuronal lineages, the the lack of PHD1 expression in the olfactory epithelium of expression of a diverse set of neuron subtype-specific PHD Mash1 mutants simply reflects the failure to form (or the proteins follows, and in some cases is dependent on, the death of) the cellular differentiation intermediate which is prior expression of bHLH proteins (Fig. 9) . marked by PHD1 expression. Interestingly, in sympathetic This pattern of sequential transcription factor gene action ganglia (which also depend on MASH1 function), a different appears to be conserved in evolution as well. Thus, for ex-PHD protein, Phox2 , is normally example, in C. elegans the identity of VA motor neurons repressed following MASH1, and this expression is lost in the quires a PHD protein encoded by the unc-4 gene (Miller et Mash1 0/0 mutant (L. Sommer, J.-F. Brunet, C. Goridis, al., 1992) . As mentioned earlier, unc-4 is the closest relative and D. J. Anderson, unpublished). In two different neuronal of PHD1. On the other hand, the bHLH protein encoded by lineages, therefore, the function of MASH1 is required for the lin-32 gene appears to act at relatively earlier stages of the expression of distinct but closely related (Fig. 1B) PHD development to control the choice between neuronal and proteins.
epidermal fates, analogous to proneural genes in Drosophila The fact that PHD1 is not expressed in all MASH1-ex- (Zhao and Emmons, 1995) . Although there is no direct evipressing regions or lineages (e.g., autonomic precursors) indence for a regulatory relationship between lin-32 and uncdicates that MASH1 is not sufficient to specify subsequent 4, these data are consistent with the idea that bHLH and PHD1 expression and that other transcriptional regulators PHD proteins control developmentally distinct operations are therefore likely involved. In the spinal cord, the domain in both vertebrate and invertebrate neuronal lineages. of MASH1 expression overlaps almost precisely that of Pax-
The specification of neuronal phenotypes by cascades of 3. Since Pax-3 is, like PHD1, a paired homeodomain protein transcriptional regulatory molecules has been most inten- (Chalepakis et al., 1993) (albeit of a different subclass; Fig. sively studied in the Drosophila peripheral nervous system 1B), and as structurally related transcription factors often (for review, see Jan and Jan, 1994) . In that system, the bHLH act in cascades in development, it is possible that PHD1 proteins encoded by the achaete-scute complex of proneural expression also requires the function of Pax-3 in the dorsal genes activate expression of pox-neuro, a paired domainspinal cord. Interestingly, the Pax-3-related protein containing transcriptional regulator that controls the choice has recently been shown to be expressed in the basal cell between poly-innervated and monoinnervated external senlayer of the olfactory epithelium (R. Reed, personal commusory organs (Vervoort et al., 1995) . pox-neuro lacks a homeonicaton), which as mentioned above represents an earlier domain, however (Dambly-Chaudière et al., 1992) , and stage in olfactory sensory neurogenesis than is marked by therefore this cascade may not be directly analogous to the expression of PHD1. Thus, PHD1 expression could depend bHLH-PHD cascades described in other systems. There may on two different Pax genes in two different lineages (Fig. 9) . be a true PHD protein yet to be identified that functions in It will be interesting to test this hypothesis by examination Drosophila peripheral sense organ development. Alternatively, a homeodomain function could be supplied to poxof PHD1 expression in mutants of these Pax genes. 
